overall risk profile (or, alternatively, to identify protective genes in those with a high-risk profile). This general approach we have previously found helpful; for example, we were able to identify three genetic markers for the development of overt nephropathy, by comparing those at high and low risk, that were not evident in the study population as a whole (9) .
Our objective was to identify those individuals with a genetic susceptibility to three diabetes-related complications, namely, confirmed distal symmetric polyneuropathy, overt nephropathy, and coronary artery disease, among patients at seemingly low risk. To do so, we used the 10-year follow-up data from the Pittsburgh Epidemiology of Diabetes Complications Study, a prospective cohort of childhood-onset type 1 diabetes. Survival data have traditionally been analyzed by using Cox proportional hazards modeling (10) . Newer regression techniques, such as tree-structured analysis, also known as recursive partitioning, provide one potential approach to identifying subgroups of patients characterized by the presence or absence of specific risk factors and who differ in disease risk (11) (12) (13) . Tree-based classification does not require the assumption that the ratios of the hazards for the groups being compared are constant. We used this classification approach with an extension to survival data (tree-structured survival analysis (TSSA)) to facilitate the search for genetic factors whose influence may be apparent in only those at high or low overall risk. These analyses, which focus on the effect of genetic factors, are primarily considered hypothesis generating and need to be replicated despite the plausibility of the candidate genes studied.
MATERIALS AND METHODS
The population selected for study was a historical, prospective cohort based on incident cases of childhood-onset (children <17 years of age) type 1 diabetes diagnosed or seen within 1 year of diagnosis at Children's Hospital of Pittsburgh, Pennsylvania, between 1950 and 1980 (14, 15) . Although this population is clinic based, it has been shown to be representative of the type 1 diabetes population of Allegheny County, Pennsylvania (16) . This cohort was first examined for the Pittsburgh Epidemiology of Diabetes Complications study between 1986 and 1988, when mean age was 28 years and diabetes duration was 19 years. Subjects were subsequently reexamined biennially for 10 years. Prior to each of the scheduled clinic visits, participants were sent questionnaires concerning demographic, health care, self-care, and medical history information. The University of Pittsburgh Institutional Review Board approved the study protocol.
Definition of complications and risk factors
Confirmed distal symmetric polyneuropathy was determined by a study-trained physician using the Diabetes Control and Complications Trial clinical examination protocol (17) and was diagnosed by the presence of at least two of the following states: symptoms and/or signs consistent with distal symmetric polyneuropathy and absent (or decreased) tendon reflexes, all in the absence of other known etiologies, in addition to the presence of a vibratory threshold above the age-specific normal range using the Vibratron II tester (Physitemp Instruments Inc., Clifton, New Jersey) and a forced-choice methodology (18, 19) . Of 658 participants, 64 (9.7 percent) who did not return for a follow-up examination and 187 with prevalent confirmed distal symmetric polyneuropathy were excluded from analyses. Of the remaining 407, 370 had complete information on covariates examined and were thus included in analyses for the prediction of distal symmetric polyneuropathy incidence.
Overt nephropathy was defined as an albumin excretion rate of >200 lg/minute on at least two of three timed urine specimens, or, in the absence of urine, a serum creatinine level of >2 mg/dl, or renal failure or renal transplant. Followup overt nephropathy status could not be determined for 58 (8.8 percent) participants who did not return for a clinical examination. Another 171 were diagnosed with overt nephropathy at study entry and were thus excluded from analyses for the prediction of incident renal disease, along with 37 whose information on covariates examined was not complete.
Coronary artery disease was determined by study physiciandiagnosed angina or myocardial infarction confirmed by Q waves on electrocardiogram or hospital records (Minnesota codes 1.1 or 1.2), or angiographic stenosis 50 percent, coronary artery bypass surgery, angioplasty, or ischemic electrocardiogram changes (Minnesota codes 1.3, 4.3, 4.2, 5.1, 5.3, 7.1) during the follow-up period of the study. Follow-up coronary artery disease status could not be determined for three participants (0.5 percent) who did not return for a follow-up examination. Fifty-two prevalent coronary artery disease cases as well as 64 persons lacking information on covariates examined were excluded from the analyses for the prediction of coronary artery disease incidence.
The proportion of participants excluded from analyses because of failure to return for a follow-up examination, and thus inability to ascertain disease status, varies by complication. This variation relates to the definition of each complication and the ability to determine disease status without a subject actually returning for a clinical examination. Thus, if a participant free of complications at baseline was unable to return for a follow-up visit but provided survey information indicating the presence of a specific condition (e.g., heart attack), that condition would be diagnosed, whereas the presence of other complications (e.g., overt nephropathy, which requires urine samples) could not be identified.
Blood pressure was measured with a random zero sphygmomanometer, according to the Hypertension Detection and Follow-up Program protocol, after a 5-minute rest (20) . Hypertension was defined as blood pressure 140/90 mmHg or use of antihypertensive medication. Stable glycosylated hemoglobin was measured by ion exchange chromatography (Isolab, Akron, Ohio) and subsequently by automated highperformance liquid chromatography (Diamat, BioRad, Hercules, California). Readings obtained with the two methods are almost identical (r ¼ 0.95). High density lipoprotein (HDL) cholesterol was determined by a precipitation technique (heparin and manganese chloride) with a modification (21) of the Lipid Research Clinics method (22) . Cholesterol and triglycerides were measured enzymatically (23, 24) .
Low density lipoprotein cholesterol levels were calculated from measurements of the levels of total cholesterol, triglycerides, and HDL cholesterol by using the Friedewald equation (25) . Smoking status (ever/never) was obtained via self-report.
Glucose disposal rate (insulin sensitivity) was estimated by using a regression equation (24.31 ÿ (12.22 3 waist-tohip ratio) ÿ (3.29 3 hypertension) ÿ (0.57 3 glycosylated hemoglobin)) derived from hyperinsulinemic euglycemic clamp studies on 24 study subjects chosen to represent the full spectrum of insulin resistance as identified by insulin resistance risk factors (26) . White blood cell count was obtained by using a counter S-plus IV (Coulter Electronics, Inc., Hialeah, Florida) and fibrinogen by using a biuret colorimetric procedure and a clotting method.
For the 1999-2004 Pittsburgh Epidemiology of Diabetes Complications Study grant period, 15 genetic polymorphisms were proposed for study. All had suspected potential roles in the pathogenesis of complications through linkage to blood pressure, lipoprotein metabolism, glucose metabolism, glycosylation, or inflammation. Of these 15 polymorphisms, associations were found for four with the three diabetes complications examined (genetic polymorphisms not presented in the paper are included in appendix table 1). High-molecularweight genomic DNA was isolated from ethylenediaminetetraacetic acid anticoagulant whole blood by the method of Miller et al. (27) . The angiotensin-converting enzyme (ACE) insertion/deletion polymorphism and the methylenetetrahydrofolate reductase (MTHFR), endothelial nitric oxide synthase (eNOS), and hepatic lipase (LIPC) genotypes were determined by the methods of Tiret et al. 
Statistical analyses
The association of candidate genes with type 1 diabetes complications was evaluated by comparing the genotypes in the lowest risk groups generated by TSSA (12, 13) . TSSA, a nonparametric statistical method, extends tree-based methods such as the classification and regression tree (11) . The main objective of a tree-based method is to classify subjects into subgroups according to their characteristics and outcome so that, within each subgroup, the risk factors are similar but, between subgroups, the outcomes are distinct. Briefly, a tree model is built starting with the complete sample of subjects as one group, the root node. Subjects are then partitioned to two subgroups (or nodes) based on a predictor variable that separates the subgroups most in the outcome. The process is then repeated in each node, with a predictor being selected each time until no further dividing is worthwhile. TSSA extends the tree construction methodology to survival data taking into consideration time to event, so that within-group homogeneity in risk factors and between-group separation in survival experience are optimized.
TSSAs were conducted for the prediction of three diabetesrelated complications: confirmed distal symmetric polyneuropathy, overt nephropathy, and coronary artery disease. Baseline risk factors used in the analyses for all three outcomes included diabetes duration, age at diabetes onset, serum creatinine, fibrinogen, having ever smoked, total cholesterol, triglycerides, systolic blood pressure, white blood cell count, and estimated glucose disposal rate, based on earlier analyses (9, 33, 34) . Behavioral and socioeconomic risk factors were not considered. Subjects who were free from the complication at baseline and for whom all the risk factors were available were included in the TSSA (in total, 567 participants free of at least one complication at baseline were included in these analyses). Once the subgroups were identified from TSSA for each complication, the relation between the candidate gene and complication was examined in the lowest risk group. DNA was determined in 443 (78.1 percent) participants; however, two genotyping failures occurred for the eNOS, three for the ACE, 15 for the LIPC, and 28 for the MTHFR genotypes. Of the 15 genes considered, associations were found for four polymorphisms; results for the latter are reported here. Clearly, this candidate gene approach to studying three different complications inevitably leads to multiple comparisons. Whereas we present results on the basis of p < 0.05 on the grounds that this is a hypothesis-generating analysis only, a corrected Bonferroni level of significance would be <0.003 given 15 genes. None of the four polymorphisms reported reached this level of significance.
In the current study, the TSSA was conducted by using S-Plus programs written by Dr. Mark Segal (Department of Epidemiology and Biostatistics, University of California San Francisco, San Francisco, California). Descriptive statistical analyses (Student's t tests and chi-square tests for univariate associations between baseline risk factors and complication status during 10 years of follow-up) as well as estimates of risk were generated by using SAS version 8.2 software (SAS Institute, Inc., Cary, North Carolina). All reported p values are two sided. Because hazard ratios were calculated using groups of participants already characterized by their baseline risk attributes, adjustment was performed for diabetes duration only.
RESULTS
Baseline characteristics of participants by the incidence of complications during 10 years of follow-up are shown in table 1, whereas duration-adjusted hazard ratios for each of the four polymorphisms are shown in table 2. With the exception of protection against renal disease incidence among those with the LIPC CC genotype, no significant genetic associations were observed in the overall cohort by diabetes complication. Figure 1 presents the TSSA results for confirmed distal symmetric polyneuropathy. As shown, 370 individuals were free of this complication at baseline; 114 (30.8 percent) of them developed it during the follow-up period. Starting with the group of 370, the tree first classified subjects by splitting on estimated glucose disposal rate, then age at diabetes onset, and then duration of diabetes (for those whose age at diabetes onset was 8.4 years), or white blood cell count for individuals whose age at diabetes onset was >8.4 years. The lowest incidence of confirmed distal symmetric polyneuropathy was observed in the second group; that is, among patients whose estimated glucose disposal rate was more than 6 mg/kg per minute, whose age at diabetes onset was 8.4 years, and whose duration of diabetes was less than approximately 24 years. In this lowest-risk group, a nominally significantly greater risk of confirmed distal symmetric polyneuropathy was observed for the eNOS GG genotype, with a diabetes duration-adjusted hazard ratio of 4.86 (95 percent confidence interval: 1.04, 22.72; p < 0.05) (table 3).
A total of 392 subjects were free of overt nephropathy at baseline (figure 2), and 49 (12.5 percent) of them developed this complication during the follow-up period. Once again, the tree first classified subjects by splitting on estimated glucose disposal rate, then age at diabetes onset, and, for those whose age at diabetes onset was greater than 7 years, white blood cell count. The first group, that is, subjects whose estimated glucose disposal rate was >6.58, had the lowest incidence of overt nephropathy (8.8 percent), where there was some indication that the D allele of the ACE polymorphism was associated with increased risk of overt nephropathy incidence (table 3 ; diabetes duration-adjusted hazard ratio ¼ 2.11, 95 percent confidence interval: 1.00, Ninety-nine of 539 subjects free of coronary artery disease at the baseline examination (figure 3) developed this complication during the 10-year follow-up. This time, diabetes duration emerged as the most consequential predictor, followed by white blood cell count and either serum creatinine (among those whose white blood cell count was <8 3 10 3 /mm 2 ) or HDL cholesterol (in individuals with a high white blood cell count). Patients in the first group, that is, whose diabetes duration was 21.19 years, exhibited the lowest incidence of coronary artery disease (6.3 * eNOS Glu 298 Asp (E298D), endothelial nitric oxide synthase gene Glu 298 Asp polymorphism; ACE I/D, angiotensin-converting enzyme insertion/deletion polymorphism; LIPC C(-514)T, hepatic lipase gene C(-514)T polymorphism; MTHFR C677T, methylenetetrahydrofolate reductase gene C677T polymorphism. (1986-1988 to 1996-1998) . Age at onset (years); eGDR, estimated glucose disposal rate (mg/kg per minute); WBC, white blood cell count 3 10 percent); thus, we chose this group to look for significant genetic associations. The CC genotype of the MTHFR C677T gene polymorphism was associated with an approximately threefold risk of coronary artery disease (table 3; diabetes duration-adjusted hazard ratio ¼ 2.95, 95 percent confidence interval: 1.02, 8.50; p < 0.05).
DISCUSSION
TSSA is an exploratory statistical method of categorizing individuals into meaningful prognostic subsets. Being nonparametric, this technique requires fewer modeling assumptions. Moreover, because it is designed to categorize persons into risk groups based on survival, it allows for further comparisons within these selected strata. However, tree methods are not without limitations. An important drawback is the inability to assess a covariate's importance because the method relies on post hoc tests; highly correlated covariates may also affect factor selection in recursive partitioning (12) .
In this study, we used TSSA to identify individuals at seemingly low risk of developing diabetes-related complications and then looked for significant genetic associations that might help explain case development within these lowest-risk subgroups. Indeed, genetic risk factors that were generally not apparent in the total study population emerged within the lowest-risk subgroups.
Interestingly, with the exception of diabetes duration, risk factors chosen for confirmed distal symmetric polyneuropathy (estimated glucose disposal rate, age at diabetes onset, white blood cell count) also seemed to predict incidence of overt nephropathy, although slightly different cutpoints were used each time. This finding is consistent with our previous hypothesis that insulin resistance underlies overt nephropathy susceptibility (9) . However, although insulin sensitivity alone was adequate to identify the lowest incidence rate of overt nephropathy, for confirmed distal symmetric polyneuropathy, younger age at diabetes onset and shorter diabetes duration were also required. Duration of diabetes, white blood cell count, serum creatinine, and HDL cholesterol concentration were selected as the best predictors of coronary artery disease incidence, and the lowest incidence rate was observed in the subgroup with a shorter duration of diabetes.
The prognostic value of the factors selected by TSSAs has been previously demonstrated in other populations as well. Cardiovascular risk factors (35) , insulin resistance (36) , and inflammatory markers (36, 37) have all been implicated in the development of diabetic neuropathy. Reduced insulin sensitivity has been reported among individuals with diabetes and microalbuminuria (38, 39) , whereas elevated white blood cell count has been shown to predict the development of renal disease in diabetics (40, 41) . Decreased HDL cholesterol concentration (42, 43) and increased levels of inflammatory markers (37, 42) are recognized predictors of cardiovascular disease incidence. Furthermore, a variety of studies have shown that renal dysfunction increases the risk of cardiovascular disease (43) (44) (45) Although the 10-year incidence of confirmed distal symmetric polyneuropathy was approximately 31 percent in the study cohort, the rate was only 8.9 percent in the lowest-risk group (group 2), as assessed by TSSA. In this subgroup, the GG genotype of the eNOS Glu 298 Asp polymorphism was significantly associated with an almost fivefold risk of confirmed distal symmetric polyneuropathy.
Nitric oxide synthases produce nitric oxide, known to play an important role in regulation of the cardiovascular, central, and peripheral nervous systems (46) . The G to T polymorphism at position 894 of the eNOS gene is the only polymorphism identified to date that changes the eNOS protein sequence, suggesting that genetic variation at this site may alter eNOS activity or regulation (47) . Synthesis of nitric oxide is thought to be deficient in diabetes (48, 49) , and chronic treatment of nondiabetic rats with a nitric oxide synthase inhibitor has been associated with nerve conduction velocity deficits similar to those observed in diabetes (50, 51) . In experimental studies, nitric oxide has also been associated with neuropathy (52, 53) .
The insertion/deletion polymorphism in intron 16 of the ACE gene determines most of the interindividual variation in ACE levels (54) . Despite some disagreement (55) (56) (57) , this polymorphism has been associated with diabetic nephropathy (9, 58-62) as well as insulin resistance (63) (64) (65) ). An association similar to the one observed in this report for the D allele has been previously described by our group; we used an alternative approach to compare low-and high-risk groups (i.e., comparing those who develop overt nephropathy early (short duration and before other complications) with those developing this complication late (long duration and after other complications)) (9) . Furthermore, a recently published meta-analysis suggests that treatment with ACE inhibitors may significantly reduce albuminuria (66) , providing further support for a role of the ACE gene in renal disease.
The human LIPC polymorphism that we examined is one of four identified polymorphisms of the human LIPC gene (67) . Allelic variation in the genes encoding LIPC accounts for 25 percent of total interindividual variation in plasma HDL cholesterol levels (68) . In a report from the Bogalusa Heart Study, the -514T variant of the hepatic lipase gene was associated with higher levels of HDL cholesterol longitudinally since childhood (69) . The same variant was also associated with significant variations in the lipoprotein profile of male and female participants of the Framingham Offspring Study, where increases were noted in large HDL subfractions among carriers of the -514 allele (32) . Furthermore, LIPC appears to relate to markers of cardiovascular disease in type 1 diabetes (70) . In the present analyses, a protective effect of the CC genotype of the LIPC C(-514)T polymorphism was observed for those at the lowest risk of overt nephropathy. We (9), among other groups (71) (72) (73) , have shown that serum lipid levels are associated with overt nephropathy incidence.
With regard to coronary artery disease, the incidence rate in the lowest-risk group, as derived from TSSA, was 6.3 percent compared with an overall rate of 18.4 percent. An increased risk associated with the CC genotype in the MTHFR C677T gene polymorphism was noted. Recently, a number of studies (74) (75) (76) (77) have supported a role of the C677T variant in the pathophysiology of cardiovascular disease. Such an association seems likely because of its influence on homocysteine levels (78), although, in this cohort, homocysteine levels were not related to either the MTHFR genotype or coronary artery disease incidence (data not shown).
In conclusion, genetic risk factors may be better identified in subgroups characterized by the absence of major traditional risk factors. It is important to note that, with the exception of the LIPC CC genotype, none of the other polymorphisms were associated with complication outcome in the total study population; associations with gene polymorphisms emerged in the lowest-risk subgroups only. This approach provides the potential for further insight into genetic variations and their role in the development of complications. It may be helpful in formulating prevention strategies by focusing attention on the newly defined high-risk population subgroups as well as addressing standard risk factors. However, the present genetic associations were derived essentially from hypothesis-generating analyses and need to be evaluated and replicated in other populations before acceptance.
